Abstract-Understanding the effects of an assistive device on dynamic balance is crucial, particularly for robotic leg prostheses. Analyses of dynamic balance commonly evaluate the range of whole-body angular momentum (H). However, the contributions of individual body segments to overall H throughout gait may yield futher insights, specifically for people with transtibial amputation using powered prostheses. We evaluated segment contributions to H using Statistical Parametric Mapping to assess the effects of prosthesis type (powered vs passive) and ramp angle on segmental coordination. The slope main effect was significant in all segments, the prosthesis main effect was significant in the prosthetic leg (device and residuum) and trunk, and the slope by prosthesis interaction effect was significant in the prosthetic leg and trunk. The magnitude of contributions to sagittal-plane H from the prosthetic leg was larger when using the powered prosthesis. The trunk contributed more positive (backward) H after prosthetic leg toe-off when using the powered prosthesis on inclines, similar to the soleus muscle. However, trunk contributions to H on declines were similar when using a powered and passive prosthesis, suggesting that the powered prosthesis may not replicate soleus function when walking downhill. Our novel assessment method evaluated robotic leg prostheses not only based on local joint mechanics, but also considering whole-body biomechanics.
are frequently computed using the range of frontal-or sagittalplane H [3] [4] [5] , which correlates with other measures of balance is useful for identifying coordination strategies that may increase the likelihood of a fall. However, the range of H may not capture changes in the timing and magnitude of H throughout gait. Second, while some studies have analyzed individual body segment contributions to H [1] , [10] , analysis of segment contributions is less common in studies of H in pathological gait [3] , [4] , [7] . Changes in segment momenta may reveal clinically relevant information about specific coordination patterns that adversely affect balance during ramp walking. This information could help design assistive devices, such as robotic leg prostheses, which attempt to restore muscular functions and improve regulation of balance.
Statistical Parametric Mapping (SPM), originally developed for brain imaging [11] , is a method for rigorously analyzing multi-dimensional. SPM uses random field theory to analyze entire data trajectories to evaluate not only spatial but also temporal differences. Thus, SPM may reveal differences in segment contributions to sagittal-plane H throughout gait that are important for further optimizing assistive device design. Analysis of segment contributions to H using SPM can be especially useful for evaluating the effects of different prostheses on dynamic balance in people with transtibial amputation (TTA). TTA results in functional loss of the ankle plantarflexor muscles, including the uniarticular soleus and the biarticular gastrocnemius. These two muscles perform different biomechanical functions during walking despite their similar anatomical location, with the soleus contributing primarily to trunk propulsion and the gastrocnemius generating energy to the leg [12] . Powered ankle-foot prostheses have primarily used a combination of parallel and series elastic elements in conjunction with a motorized ankle joint to attempt to replicate the function of the ankle musculature [13] , [14] . Devices with this physical structure can replicate the function of the soleus, but do not provide active assistance at the knee joint, which is delivered by the gastrocnemius in a biological leg. Thus, the addition of prosthetic ankle power may primarily affect the trunk. The contributions of powered and passive prostheses to segment momenta may also be affected by ramp walking. The function of the gastrocnemius is largely unchanged across slopes, but the soleus transitions from generating energy to the trunk on inclines to absorbing energy from the trunk on declines [15] . Replicating these different functional roles with a prosthetic device is challenging, and understanding the relationship between the structure of an assistive device and its resulting biomechanical function could aid in design of future devices.
Thus, our goal in this study was to apply SPM to evaluate data first reported in [3] , that originally compared the range of sagittal-plane H (Fig. 2 ). In the current study, we evaluated how the segment contributions to sagittal-plane H vary across slope and between passive and powered prostheses. We hypothesized that there would be significant differences in the contributions to H from the prosthetic leg during mid-stance and mid-swing when using the powered compared to passive prosthesis [3] . We also hypothesized that there would be an interaction effect between prosthesis and slope in the trunk contributions to H. Our hypotheses were based on the powered prosthesis anatomically emulating the uniarticular soleus muscle, and prior work demonstrating that the soleus absorbs energy from the trunk when walking downhill but generates energy to the trunk when walking uphill [15] .
II. METHODS

A. Experimental Protocol
We analyzed data from eight individuals with TTA (7M/1F, 96±8 kg, 1.8±0.1 m, 31±5 years), which was collected in a previous study [3] . These participants were selected because they had four complete trials for each experimental condition. The individuals walked up and down a 16-ft ramp ( Fig. 1 ) inclined at 0°, ±5°, and ±10°. An auditory cue was used to control horizontal walking velocity at a speed based on leg length (Froude number of 0.16, resulting in a mean velocity of 1.28±0.11 m/s). Each participant first completed the protocol wearing their clinically prescribed passive prosthesis. The protocol was then repeated with the BiOM (BiOM, Inc.) powered prosthesis after an average acclimation period of 43±18 days, in which participants were given instructions on how to practice sloped walking. We collected whole-body kinematics (Motion Analysis Corp.) from a set of 57 retroreflective markers [16] .
B. Data Processing
The kinematic marker trajectories were low-pass filtered with a 4 th -order Butterworth filter with a cutoff frequency of 6 Hz. We created 13-segment models of each participant using Visual3D (C-Motion, Inc.). The BiOM was assumed to have the same mass and inertial properties as a biological shank and foot [13] . The passive prosthesis was modeled by reducing the shank mass by 30% and moving the shank center of mass 30% proximal [17] . For each segment i, we calculated Hi as
Here ri and rbody are the vector locations of the center of mass of segment i and the whole-body, respectively, vi and vbody are the 3D vector velocities of segment i and the whole-body, respectively, mi and Ii are the mass and inertia of segment i, respectively, and ωi is the angular velocity of segment i. Each segment contribution Hi was normalized by the participant's body mass, height, and average horizontal walking velocity. We summed the contributions Hi of the left and right legs (foot, Sagittal-plane whole-body angular momentum (H) in people with transtibial amputation using a passive and powered prosthesis when walking at ramp angles of 0°, ±5°, and ±10°, reproduced from [3] . Positive values indicate backward angular momentum, negative values indicate forward momentum.
shank, thigh), left and right arms (upper and lower arm), and trunk (head, torso, pelvis).
Statistical Analysis
An SPM software package (spm1d, [18] , [19] ) was used to perform separate two-way repeated measures ANOVAs on the contributions of each segment (arms, legs, trunk) to sagittalplane H, for a total of 5 ANOVAs. Each ANOVA tested the main and interaction effects of slope angle and prosthesis type. The significance level for each ANOVA was set at α=0.05. When significant main or interaction effects were found, post hoc paired t-tests were performed. A Bonferroni adjustment was used for a family of 45 total pairwise comparisons (5 slopes, 2 prostheses), resulting in a threshold of pcritical=0.0011. Note that this critical significance level was then adjusted by spm1d according to random field theory [18] .
III. RESULTS
Slope Main Effect
There were significant slope main effects (p<0.001) throughout most of the gait cycle for the legs and trunk (Fig.  3) . The arms had significant slope main effects during swing and early stance of the corresponding leg (e.g., 0-10% and 60-90% prosthetic leg gait cycle for the prosthetic side arm), but in mid-to late-stance there were no significant differences.
Prosthesis Main Effect
There were substantial periods of significant prosthesis main effects (p<0.006) in the prosthetic leg (10-35% and 65-85% prosthetic leg gait cycle) and trunk (45-50% and 65-80% prosthetic leg gait cycle), and a smaller but significant (p=0.019) effect in the arm on the prosthetic side (at approximately 70% prosthetic leg gait cycle).
Slope by Prosthesis Interaction Effect, Pairwise Comparisons
There was a significant interaction effect in the trunk contribution, HTrunk, at approximately 70-75% of the prosthetic leg gait cycle (p=0.011), and a brief period of significant interaction in the prosthetic leg (p=0.046). Post hoc pairwise comparisons (Figs. 4 and 5) show the results of selected pairwise comparisons for the prosthetic leg and trunk, respectively. There was a smaller magnitude of negative HLeg,Prosthetic (forward rotational momentum) when using the passive prosthesis compared to the powered prosthesis during approximately 5% to 45% of the gait cycle on all slopes (Fig.4,  p<0.001) . There was also a smaller magnitude of positive HLeg,Prosthetic (backward rotational momentum) during swing (approximately 60-100% gait cycle) on all slopes except -10° when using the passive compared to powered prosthesis. Also, when using the passive prosthesis, the trunk contributed a lower magnitude of positive (backward) HTrunk during late stance and swing, around 65-80% of the prosthetic leg gait cycle (Fig. 5) . The period of significant difference was brief Figure 3 : SPM two-way, repeated measures ANOVA results. Rows correspond to main and interaction effects, and columns correspond to a different body segment: the prosthetic (residuum and prosthesis) and intact leg, prosthetic side and intact side arm, and trunk. The SPM{F} values are the F-scores of the ANOVA as a function of time. The dashed red line indicates the critical F-score needed to achieve significance, and is computed using Random Field Theory to maintain α=0.05 [18] . Regions of significant differences are shaded grey.
when walking on the -5° decline, but became more pronounced at +5° and +10° inclines.
IV. DISCUSSION
Our first hypothesis, that there would be significant differences in the prosthetic leg contributions HLeg,Prosthetic during mid-stance and mid-swing, was supported by the SPM analysis. There was a lower magnitude of HLeg,Prosthetic during both of these portions of the gait cycle, likely due to the reduced mass of the passive prosthesis compared to the heavier powered prosthesis. However, the reduction in magnitude of contributions from the prosthetic leg when using the passive prosthesis contributes to the increased overall range of sagittalplane H (Fig. 2) , which may adversely affect dynamic balance [3] . This result highlights the importance of segment contributions to dynamic balance, which may not be captured by other measures, such as those based on an inverted pendulum model of the body [20] .
Our second hypothesis, that there would be a significant slope by prosthesis interaction effect in HTrunk, was also supported (Fig. 3) . There was little or no difference in HTrunk on declines, but on inclines there was a significant difference (p<0.001) from approximately 65-80% of the prosthetic leg gait cycle (Fig. 5) , which is just after toe-off of the prosthetic leg. This finding supports the concept that the powered prosthesis replicates the biomechanical function of the soleus muscle. Our results suggest that on inclines the powered prosthesis generates positive (backward) H in the trunk during prosthetic leg push-off, similar to the biomechanical function of the soleus muscle. However, our results also suggest that neither prosthesis replicates soleus function on declines, as there was little or no difference between the passive and powered prostheses at -5° and -10° (Fig. 5) .
Our findings are also consistent with previous musculoskeletal simulation studies that found the soleus contributes to positive sagittal-plane H in late stance [21] . Although the gastrocnemius also contributes to positive H in late stance, it does so by absorbing energy from the trunk and generating energy to the leg [12] , [15] . Our findings suggest that restoring ankle push-off power with a powered prosthesis increases the amount of energy and momentum in the trunk, consistent with the functional role of the soleus.
Our results may also help explain why people with TTA prefer devices that deliver more ankle power than passive prostheses, despite evidence that the increased ankle push-off work does not necessarily reduce metabolic cost [22] and suggesting an alternative objective pertaining to balance [23] . Our results indicate that the powered prosthesis contributes a larger magnitude of HTrunk than a passive prosthesis, which should aid in walking and reduce metabolic cost. However, if the prosthesis is functioning like a soleus muscle, then it would also absorb energy from the prosthetic leg. Thus, the increased momentum in the prosthetic leg must be generated by the person, not the device. People with transtibial amputation may compensate for the lack of gastrocnemius function using the hip extensors, which contribute to positive H [21] and generate energy to the contralateral leg to help initiate swing [15] . Future simulation studies of powered prosthesis function on slopes would help further investigate this possibility.
V. LIMITATIONS AND FUTURE WORK
Our study design has multivariate dependent variables Hi as well as multiple independent variables (slope and prosthesis type). The current implementation of spm1d does not support this type of design. Thus, we elected to perform multiple separate ANOVAs, which does not account for correlation between dependent variables. We also did not compare to nonamputee participants, which may yield deeper insight into the biomechanical function of the prostheses. In future work, we will use a mixed effects generalized linear model that allows more flexibility.
In addition, we did not explicitly account for certain specific differences between individuals that may influence H, such as the inertial properties of each prosthesis. While it is possible to do so [17] , it is difficult to obtain accurate inertial properties for the residual leg. Analysis of the time histories of segmental contributions to H may be more sensitive to inertial properties than an analysis of range, so these potential sources of error should be considered when interpreting the results of this study.
Furthermore, we did not account for differences in passive prosthesis properties (e.g., stiffness) or BiOM tuning parameters that likely affect H. However, while the BiOM increased the mechanical power generated by the prosthetic ankle during push-off [3] , this resulted in relatively small changes in H. Thus, our results highlight the importance of considering whole-body dynamics when designing assistive devices rather than only focusing on local joint mechanics. Currently, powered prosthesis tuning attempts to produce ankle biomechanics (e.g., moment or work) similar to a biological ankle. However, restoring ankle biomechanics may not yield normative whole-body biomechanics due to other changes in the mechanical system, such as the loss of gastrocnemius function. Future studies should investigate whether a powered prosthesis can be tuned to produce normative H trajectories rather than matching biological ankle mechanics. In designing robotic rehabilitation devices, such as prostheses, it is important to consider not only mechanical design and control algorithms but also the effects of the device on segmental coordination of balance.
VI. CONCLUSIONS
We used a novel assessment method to identify that the key differences in H between passive and powered prostheses occur in the prosthetic leg and trunk during ramp walking. Our analysis highlights the importance of identifying specific coordination patterns that contribute to overall changes in H that may detrimentally affect dynamic balance. The method can be easily applied to studying the effects of assistive devices balance coordination in a wide range of populations.
